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Abstract
White Spot Syndrome Virus (WSSV) is a virulent and widespread dsDNA virus with a wide range of hosts. Although remarkable progress has
beenmade on virus characterization, however, its mechanism of infection is poorly understood. In this study, by analyzing the phage display library of
the WSSV genome, a WSSVenvelope protein VP187 (wsv209) was found to interact with shrimp integrin. VP187 possesses the RGD motif. The
interaction between integrin and VP187 was confirmed with coimmunoprecipitation. These results demonstrate for the first time an interaction
between the WSSVenvelope protein and a cell surface molecule. Soluble integrin, integrin-specific antibody and an RGD-containing peptide were
found to block theWSSVinfection in vivo and in vitro. Gene silencing using a sequence-specific dsRNA targetingβ-integrin effectively inhibited the
virus infection. These findings suggest that β-integrin may function as a cellular receptor for WSSV infection.
© 2007 Elsevier Inc. All rights reserved.Keywords: β-integrin; WSSV; Receptor; Phage display library; Coimmunoprecipitation; Gene silencingIntroduction
White spot syndrome (WSS) is one of the most serious
diseases of shrimp that is spreading widely. It affects most of the
cultured shrimp species of any age and size with a cumulative
mortality up to 100%within 3 to 7 days from the onset (Lightner,
1996). This disease caused losses of millions of dollars in shrimp
cultivation industry. WSSV is the leading etiologic agent of
WSS, and a major scourge of the worldwide shrimp cultivationAbbreviations: WSSV, White Spot Syndrome Virus; PBS, phosphate-
buffered saline; PBST, PBS containing 0.1% Tween 20; NP40, nonidet P40;
NETN, Tris–EDTA-buffered saline with NP40; PMSF, phenylmethylsulfonyl
fluoride; TM, Tris-buffered saline with Mg2+; FITC, fluorescein isothiocyanate;
EDTA, ethylenediamine tetraacetic acid; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; ORF, open reading frame; bp, base pairs; aa,
amino acid; GST, glutathione S-transferase; RNAi, RNA interference; PEG,
polyethylene glycol; RT, room temperature; h, hour; p.i., post injection.
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Significant progress has been made on the WSSV's epide-
miology, pathology and characterization. It is a large dsDNA,
enveloped virus representing the sole genus Whispovirus in the
novel family Nimaviridae (Mayo, 2002). The complete genome
sequence of WSSV has been determined to encompass
approximately 180 putative open reading frames (ORFs) (Van
Hulten et al., 2001; Yang et al., 2001; Chen et al., 2002). Over 40
structural protein genes and several non-structural protein genes
have been characterized (Chen et al., 2002; Tsai et al., 2004;
Wang et al., 2005a,b; Li et al., 2005; 2006b; Xie et al., 2006; Han
and Zhang, 2006; He et al., 2006; Li et al., 2006a; Marks et al.,
2006; Liu and Yang, 2005; Liu et al., 2006, 2007). WSSV has a
wide host range and tissue tropism. More than 43 species of
arthropods have been reported as the host or as carriers of the
WSSV. In addition to penaeid shrimp, infections occur in
freshwater prawn, crayfish, crabs, lobster, palaemonidian pest
shrimp, krill, copepods, Artemia sp. and even pupae of an
ephydridian insect (Huang et al., 1995; Lo et al., 1996; 1997;
Kanchanaphum et al., 1998;Peng et al., 1998; Supamattaya et
al., 1998; Wang et al., 1998; Chang et al., 1998; Chen et al.,
2000; Hameed et al., 2003; Li et al., 2003; Yan et al., 2004).
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(Lo et al., 1997).
In contrast, information concerning the mechanism of
infection, especially the cell surface molecule responsible for
the WSSV binding is lacking. Extensive host range and wide
tissue tropism imply that the cellular receptor for WSSV should
be conserved and ubiquitous. Neutralization experiments with
major WSSV envelope proteins showed that those possessing
the conserved integrin-binding motif Arg–Gly–Asp (RGD) are
involved in systemic infection of WSSV (Li et al., 2006b,c).
Integrins are a large family of conserved αβ heterodimeric
cell surface receptors, having critical roles in cell migration,
differentiation and survival. They recognize a large variety of
extracellular and cell surface proteins, and RGD is the most
widespread recognition motif identified within these ligands.
The N-terminal portion of the extracellular ligand-binding
“head” region contains a vWF type A domain in the β subunit,
the βA domain, also referred to as the I-like domain. βA is a
major ligand-binding domain responsible for mediating protein-
protein interactions. As a prominent, ubiquitous cell surface
receptor (Bajt and Loftus, 1994; Tozer et al., 1996; Aplin et al.,
1998; Giancotti and Ruoslahti, 1999; Plow et al., 2000;
Triantafilou et al., 2001; Hynes, 2002; Humphries, 2002;
Takagi, 2004), integrins have emerged as receptors or co-
receptors for a large number of viruses, including echoviruses
(Bergelson et al., 1992; Bergelson et al., 1993; Pulli et al., 1997;
Nelsen-Salz et al., 1999), adenovirus (Wickham et al., 1993),
coxsackievirus A9 (Roivainen et al., 1994), foot-and-mouth
disease virus (FMDV) (Jackson et al., 1997, 2000), papilloma-
virus (Evander et al., 1997), rotavirus (Coulson et al., 1997;
Guerrero et al., 2000; Graham et al., 2004), adeno-associated
virus type 2 (Summerford et al., 1999), hantavirus (Gavrilovs-
kaya et al., 1998; 1999; Song et al., 2005; Mou et al., 2006),
human cytomegalovirus (HCMV) (Akula et al., 2002; Wang et
al., 2005a,b), Flavivirus West Nile (WNV) ( Chu and Ng, 2004),
Epstein–Barr virus (Tugizov et al., 2003), Ebola virus (Takada
et al., 2000) and others.
Therefore, in this study, the potential function ofβ-integrin as
a cellular receptor for WSSV was investigated. The results
indicated that shrimp β-integrin can bind to the WSSVenvelope
protein VP187 and is involved in WSSV infection.
Results
Recombinant shrimp integrin segment contains a
ligand-binding domain in the extracellular region
The deduced amino acid sequence of the integrin cDNA
clone closely matches the N-terminal portion of the extracellular
region of β-integrin. The recombinant integrin fragment is
located mainly in the βA-domain (Fig. 1). Sequence alignment
shows that similarities exist between the sequences of shrimp,
crayfish and insects.
Although the cloned integrin sequence is only a portion of the
full length protein, it does contain a majority of the βA domain
of the extracellular region, including: (1) DLSKS, the residues of
DXSXS motif of the metal ion-dependent adhesion site(MIDAS) in shrimp integrin. DLSKS is identical with that of
insect, and similar with that of crayfish and oyster, i.e. DLSNS.
(2) The totally conserved DDLmotif, near the MIDAS-type site,
is DDK in shrimp, crayfish, insects and oyster β-integrin. (3)
Sequences of the specificity-determining loop (SDL) of the
β-integrins of shrimp, crayfish, insect and oyster share
analogous features. The residues (FGXXVX) found at the
amino-flanking region of the SDLs in all β-integrins from
shrimp, crayfish, insects, oyster, sponge and coral are identical,
FGSFVD. In general, the SDLs of β-integrin possess a short
region of 5–8 amino acids flanked by cysteine residues (Tsuruta
et al., 2003). Interestingly, the amino acids flanked by the
cysteine residues in SDL ofβ-integrin of shrimp, crayfish, insect
and oyster are ‘PG’ except that in shrimp they are ‘SD’ (Fig. 1).
VP187 bound to β-integrin
To identify the molecule interacting with integrin, screening
of a WSSV phage display library against recombinant integrin
was performed. Recombinant phages (C6–18) displaying the
VP187 segment were selected. VP187, encoded byORFwsv209
of WSSV (Li et al., 2006a), contains the conserved integrin-
binding motifs RGD, KGD and SGD. The VP187 fragment
contains both RGD and KGD (Fig. 2).
Coimmunoprecipitation of recombinant products was per-
formed to confirm the interaction between VP187 and β-
integrin. In these experiments, integrin precipitated with the
recombinant product VP187-E-tag of C6–18 and the anti-E-tag
antibody. GST (glutathione S-transferase) was not precipitated
with the recombinant product VP187-E-tag of C6–18 and anti-
E-tag antibody. Integrin was not precipitated with the expression
products of blank phage c4-5 and anti-E-tag antibody. GST and
blank phage clone c4-5 were used as negative controls (Fig. 3).
To further confirm the interaction between VP187 and shrimp
integrin and crayfish integrin, coimmunoprecipitation of
endogenous VP187 and β-integrin of shrimp Marsupenaeu
japonicus and crayfish Procambarus clarkia was performed.
These experiments showed that both shrimp and crayfish
integrin precipitated with VP187 antiserum, while integrin was
not precipitated with Ab against an irrelevant shrimp protein. In
addition, VP187 precipitated with Ab against integrin in lysates
of both shrimp and crayfish. VP187was not precipitated with Ab
against GST (Fig. 4). Also, negative result was obtained from
WSSVenvelope proteins alone with integrin antibody (data not
shown). These results demonstrated that the WSSV envelope
VP187 can bind to β-integrin of shrimp and crayfish.
Neutralizations of cell surface integrin blocked WSSV infection
To learn if integrin plays a role in mediating the infection of
WSSV, infection-blocking assays were carried out on shrimps
M. japonicus in vivo and on hemocytes of M. japonicus and
P. clarkia in vitro. Survival rates of the five shrimp groups
injected with mixtures of WSSV plus integrin, or anti-integrin
Ab, or GRGDS, referred to as RGD, or GST and GRDRS,
referred to as RDR, were 72%, 72%, 69%, 25% and 23%,
respectively (Table 1, Fig. 5). The survival rates of the groups
Fig. 1. Multiple alignment of shrimp β-integrin segment recombined with the homologous genes of crayfish, insects, oyster, sponge and coral. The recombinant shrimp
β-integrin contains a majority of βA domain located in the N-terminal portion of extracellular regions of β-integrin. Motifs DXSXS, DDL and SDL loop are shaded.
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Ab or RGD were much greater than that of the groups treated
with mixtures of WSSV and GST or RDR (Pb0.05). Western
blot analysis with antibody against VP187 showed that those
shrimp not surviving were severely infected with WSSV.Fig. 2. Amino acid sequence of VP187. The peptide encoded by the inserted cDNA o
motifs RGD, KGD and SGD are in bold face.Similar results were obtained in experiment employing
hemocytes of shrimp and crayfish in vitro. Hemocytes pre-
treated with mixtures of WSSV virions and soluble integrin or
its antibody, RGD, respectively, were infected with WSSV (Fig.
6). Hemocytes pretreated with mixtures of WSSV plus GST orf the selected phage clone C6–18 is underlined. The conserved integrin-binding
Fig. 3. Coimmunoprecipitation analysis of recombinant products in vitro.
Protein complexes were treated with anti-E-tag antibody and visualized by
western blotting using anti-GST-integrin antibody. GST and c4-5 (blank clone
without inserted DNA) were used as negative control. Lane 1, Recombinant
integrin was incubated with VP187-E-tag from phage C6–18(encoding VP187)
plus anti-E-tag antibody and protein A Sepharose. Lane 2, GST was incubated
with VP187-E-tag from phage C6–18 plus anti-E-tag antibody and protein A
Sepharose. Lane 3, Recombinant integrin was incubated with E-tag from blank
phage c4-5 plus anti-E-tag antibody and protein A Sepharose.
Table 1
Results of infection-blocking assays in vivo
Injection reagents Shrimps
(on the 3rd day)
Shrimps
(on the 8th day)
Survival
rate (%)
WSSV+Integrin 25 18 72
WSSV+Ab to integrin 25 18 72
WSSV+RGD 16 11 69
WSSV+RDR 16 4 25
WSSV+GST 22 5 23
/ 25 23 92
The survival rates of the groups treated with mixtures of WSSV and GST-
integrin, integrin Ab and RGD were much higher than that of the groups treated
with mixtures of WSSVand GST, RDR (Pb0.05). ‘/' means that it is a group of
healthy shrimps without challenge.
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(Fig. 6). Also, FITC-labeling preparation for a virus-free shrimp
was performed (data not shown) as a control too. The results of
these experiments showed that neutralization of cell surface
integrin with recombinant soluble integrin, an antibody towards
integrin or the RGD peptide significantly inhibited the infection
of WSSV in vivo and in vitro.
dsRNA mediated gene silencing of the integrin inhibited WSSV
infection
Gene silencing accomplished by injecting siRNA is effectual
in shrimp studies (Xu et al., 2007; Westenberg et al., 2005).
dsRNA-induced RNA interference was used to down-regulate
the expression of integrin in order to further identify the role ofFig. 4. Coimmunoprecipitation of endogenous integrin and VP187. (A) Lysates
from shrimps mixed with WSSV envelope proteins or WSSV infected crayfish
were immunoprecipitated with integrin antibodies (lane 3–6), VP187 antibodies
(positive control, lane 1) or Anti-GST serum (negative control, lane 2)
respectively plus protein A Sepharose. The total lysates (lanes 7–9) and
immunoprecipitates (lanes 1–6) were subjected to western blot analysis using
antibodies to VP187 as outlined in Materials and methods. (B) Lysates were
immunoprecipitated with VP187 antibodies (lane 1 and lane 2), integrin
antibodies (positive control, lane 3), or antibody against irrelative shrimp protein
(negative control, lane 4), respectively, plus protein A Sepharose. The total
lysates (lanes 5–7) and immunoprecipitates (lanes 1–4) were subjected to
western blot analysis using antibodies to integrin. (A) Lane 1: uninfected shrimp
lysates+WSSV envelope proteins+Anti-VP187 serum. Lane 2: uninfected
shrimp lysates+WSSV envelope proteins+Anti-GST serum. Lanes 3, 6:
uninfected shrimp lysates+WSSV envelope proteins+Anti-integrin Ab. Lanes
4, 5: lysates of infected crayfish+VP187+Anti-integrin Ab. Lanes 7, 9: lysates
of infected crayfish. Lane 8: lysates of uninfected shrimp+WSSV envelope
proteins. (B) Lane 1: infected crayfish lysates+Anti-VP187 serum. Lane 2:
uninfected shrimp lysates+WSSVenvelope proteins+Anti-VP187 serum. Lane
3: uninfected shrimp lysates+WSSVenvelope proteins+Anti-integrin Ab. Lane
4: uninfected shrimp lysates+WSSV envelope proteins+Ab against irrelative
shrimp protein. Lane 5: lysates of uninfected shrimp+WSSVenvelope proteins.
Lanes 6, 7: lysates of WSSV infected crayfish.integrin as a receptor for WSSV. The RNAi experiment was
performed with shrimpM. japonicus injected with the sequence-
specific integrin-siRNA and the random dsRNA mutant
(control), respectively. Western blot analysis showed that the
expression of integrin was reduced at 36 h post injection with
sequence-specific dsRNA targeting integrin in the shrimp. The
RNAi effect decreased at 56 h post injection. There was no effect
in those injected with the random dsRNA mutant (Fig. 7A).
Experimental infection with a high dose of virions was carried
out to investigate the effect of gene silencing of integrin on
WSSV infection. The survival rate (64%) of the shrimps
pretreated with integrin-specific dsRNA is greater than that of
shrimps pretreated with random dsRNA (16%) or with PBS
(8%) (Fig. 7B). Infection of the shrimp hemocytes pretreated
with sequence-specific dsRNA is less than that of the cells
pretreated with random dsRNA or PBS (Fig. 7C). These
observations demonstrate that gene silencing of integrin
significantly inhibits WSSV infection.
Discussion
The purpose of this study was to learn if integrin has a role in
mediating WSSV infection. A phage clone having the WSSV
envelope protein VP187 was selected from a WSSV phage
display library against recombinant integrin. Coimmunopreci-
pitation experiments with both recombinant and endogenous
proteins confirmed an interaction between integrin and VP187,
an important WSSV envelope protein having three integrin-
binding motifs RGD, KGD and SGD. WSSV infection wasFig. 5. Neutralization of cell surface integrin blocked the WSSV infection in
vivo. Shrimps were intramuscularly injected with WSSV plus GST-integrin,
integrin-specific antibody, GST, peptide RGD and peptide RDR, respectively.
Survival rate=survival shrimps on the eighth day / shrimps on the third
day×100%.
Fig. 6. Neutralization of cell surface integrin blocked the WSSV infection in vitro. Hemocytes were incubated with FITC-WSSV (green) plus GST, peptide RDR,
peptide RGD, GST-integrin and integrin-specific antibody, respectively, at RT for 1 h. Subsequently, cell nuclei were stained with propidium iodide (PI, red). Non-
adherent virus and PI were removed. Cells were observed under microscopy. Scale bar=10 μm.
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recombinant integrin, or with an antibody of integrin or with an
RGD-containing peptide. Integrin gene silencing mediated by an
integrin-specific dsRNA effectively inhibited WSSV infection.
These results indicate that integrin is involved in WSSV
infection and may function as a cellular receptor for WSSV. At
least 7 structural proteins, VP36A, VP36B, VP31, VP110,
VP136, VP664 and VP187, in WSSV possess the RGD motifs
(Li et al., 2006a, 2005, 2006b,c). VP187 may not be the only
envelope protein binding to integrin. VP187 contains three
conserved integrin-binding motifs, resulting in a firm binding
between integrin and VP187. Integrin can discriminate between
different RGD-containing ligands. The neutralization of integrin
significantly, but incompletely, blocked the WSSV infection,
suggesting that other receptors for WSSV may be present.
Coimmunoprecipitation of endogenous proteins and neutra-
lization blocking studies showed that crayfish integrin, as does
shrimp integrin, may function as a cellular receptor for WSSV.The recombinant shrimp β-integrin contains a majority of the
βA domain located in the N-terminal portion of the extracellular
regions of β-integrin. The βA domain is the major ligand-
binding domain (Bajt and Loftus, 1994; Tozer et al., 1996;
Humphries, 2002; Takagi, 2004). Motifs DXSXS, DDL and the
SDL loop in the βA domain were required for ligand binding,
especially for RGD-binding (Pasqualini et al., 1995; Tozer et al.,
1996; Takagi et al., 2002). The results showed that the βA
domains of β-integrin from shrimp, crayfish and insect are
highly homologous with the consensus properties present in the
motifs DXSXS, DDL and SDL. The totally conserved DDL
motif, close to the MIDAS-type site, has already been identified
as participating in the recognition of RGD-containing ligands
(Pasqualini et al., 1995), and is found as DDK in shrimp, cray-
fish, insects and oyster. SDLs in β-integrin regulate the ligand
binding (Takagi et al., 2002; Tsuruta et al., 2003). Removal of
the SDL blocks the ability of the α5β1 integrin to bind its ligand
(Takagi et al., 2002). In particular, a motif composed of a short
Fig. 7. Gene silencing of shrimp integrin reduced WSSV entry. (A) Integrin in muscles of pretreated shrimps was detected by Western blot: Lane 1: control shrimps
which were injected with PBS. Lanes 2, 3: shrimps injected with integrin-specific dsRNA and detected 36 h later. Lanes 4, 5: shrimps injected with integrin-specific
dsRNA and detected 56 h later. Lane 6: shrimps injected with random dsRNA as control. Shrimp actin was used as control. (B) Gene silencing of integrin inhibits
WSSV infection in vivo. Each shrimp (25 in total) was injected with dsRNAs or PBS. Thirty-six hours post injection, shrimps were injected with WSSV or TM.
Survival rates= (survival shrimps on the sixth day post injection of WSSV/25)×100%. (C) Down-regulated expression of shrimp integrin reduced the entry of WSSV
in vitro. Hemocytes were isolated from shrimps which were injected with PBS, random dsRNA and integrin-specific dsRNA, respectively, 36 h before. The cells were
incubated with FITC-WSSV (green) for 1 h at RT. Then, cell nuclei were stained with propidium iodide (PI, red). Non-adherent virus and PI were removed. Cells were
observed under microscopy. Scale bar=10 μm.
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cysteines within the SDL region of β-integrin are critically
involved in specifying the ligand binding of integrin (Takagi et
al., 2002, 1997). When the sequence CTSEQNC of β1 is
replaced with the corresponding CYDMKTTC sequence of β3,
the ligand specificity of the mutated integrin is altered (Takagi et
al., 1997). The amino acids bordered by the characteristic
cysteine residues in SDL of shrimp, crayfish and insect have
only 2 in common, while in vertebrates there are 5–8 in general
(Tsuruta et al., 2003) (Fig. 1). This may explain why WSSV has
an extremely wide host range in arthropod.Several of the amino acids bordered by the characteristic
cysteine residues in shrimp, crayfish and insect SDL are the
same, but those of shrimp are ‘SD’ that are quite different from
‘PG’ of the crayfish and insects. This may explain the higher
virulence of WSSV in shrimp.
Conclusion
These experiments demonstrated that the shrimp integrin
interacts with VP187 and mediates WSSV infection. Therefore,
integrin may function as a potential target for designing
128 D.-F. Li et al. / Virology 368 (2007) 122–132antivirus agents and for blocking the integrin-WSSV binding
providing alternative treatments of WSSV infection. Further
studies will be necessary to elucidate the relation between the
specific sequences of host integrin and the susceptibility of
WSSV. Such information would be helpful to understand the
molecular mechanism of viral infection.
Materials and methods
Preparation of proteins and peptides
A cDNA segment of integrin of shrimp M. japonicus was
found in suppression subtractive hybridization (SSH) library
(He et al., 2004). BLASTp analysis showed the predicted amino
acids matched well with the N-terminal portion of the
extracellular region of β-integrin. The open reading frame
(ORF) was cloned into pGEX-20T, expressed in E. coli BL21.
Soluble GST-integrin was purified by glutathione-agarose beads
according to the recommended protocol (Amersham). GST,
GST-VP187 and a GST-fused irrespective shrimp protein were
expressed and purified with similar method.
Peptides GRGDS and GRDRS (hereafter called RGD and
RDR respectively) were synthesized by the Academic of
Agriculture of Science of Henan.
Antibodies
Antiserum against integrin, VP187 and GST, GST-fused
irrelevant protein was made respectively by immunizing the
mouse according to the conventional method (Sambrook et al.,
1989). GST, GST-fused irrelevant protein was used as a control.
IgG was isolated by protein A Sepharose (Pharmacia).
Shrimp and crayfish
Healthy wild shrimp M. japonicus weighting about 15 g and
crayfish P. clarkia weighting about 20–30 g were purchased
from market in Xiamen, China.
Hemocytes preparation
Hemolymphs taken from the ventral sinus of shrimp M.
japonicus and crayfish P. clarkia using a 5 ml sterile syringe
preloaded with 2 ml Alsevier solution (Sodium citrate 0.8%,
citric acid 0.05%, glucose 1.87%, NaCl 0.42%, pH 6.0) were
centrifuged immediately at 500×g for 3 min. The cell pellet was
suspended gently in PBS (8 g of NaCl, 0. 2 g of KCl, 1.44 g of
NaHPO4 and 0.24 g of KH2PO4, dissolved in 1 L distilled water,
pH 7.4) at 107 cells/ml.
WSSV virions
The virus isolated originally from infected M. japonicus
(Xiamen, China) was proliferated in crayfish P. clarkii. Intact
WSSV virions were purified as described previously (Xie et al.,
2005). For coimmunoprecipitation, WSSV virions, at the
concentration of over 109 pfu, were lysed in NETN buffer(20 mM Tris–HCl, 0.5% NP-40 100 mM NaCl, 1 mM EDTA,
PMSF (phenylmethylsulfonyl fluoride) 25ug/ml, pH7.6) con-
taining 1% TritonX-100 and 1 mM PMSF for 30 min at 4 °C
and followed by centrifugation at 12,000×g for 20 min. The
supernatant with WSSV envelope proteins was utilized
immediately. For infection-blocking assays in vitro, intact
WSSV was labeled with fluorescein isothiocyanate (FITC)
according to the procedure: purified virions were incubated in
1 mg/ml FITC at room temperature for 1 h, followed by
centrifugation at 10,000×g for 10 min. Pellets with the labeled
virions were suspended in TM buffer (50 mM Tris–HCl,
10 mM MgCl2, pH 7.6) and then deposited again by
centrifugation at 10,000×g for 10 min to get rid of free FITC.
After washing for three times, labeled virions were suspended in
PBS at the concentration of 2 mg/ml and utilized for infection-
blocking assays in vitro.
WSSV whole genome phage display library
WSSV whole genome M13 phage display library was con-
structed by utilizing the Recombinant Phage Antibody System
(Pharmacia, Sweden) (Zhu et al., 2007). Propagation of library
and rescue of phage stock were performed according to the
instructions.
dsRNA synthesis
A specific 21-bp short interfering RNA, which contained a
19-nucleotide target sequence to shrimp integrin and a two-
uracil (U) overhang at the 3′ end (5-GGTGGATTTGATGC-
TATCtt-3) were designed according to the design rule for RNAi
(Elbashir et al., 2002). A control RNA (5-GTTGTGATG-
TAGTCGCATAtt-3), with a randomly disarranged sequence of
the specific RNA and a two-uracil (U) overhang at the 3′ end
were also designed. The Double-stranded RNAs (dsRNA) were
synthesized in vitro using the in vitro transcription T7 kit for
siRNA synthesis (TaKaRa, Japan) according to the manufac-
turer's recommendations.
Panning the WSSV genome phage display library against
integrin
Biopanning was carried out on plastic 96-well ELISA plates
(Pierce Chemicals, Rockford, IL) according to the instructions of
the system. To eliminate the interference of GST in recombinant
integrin, GST and an irrelevant GST-fused protein were used as
baits respectively to panning the phage display library as control.
Each well was coated overnight at 4 °Cwith 100 μl GST-integrin
(120 ng/μl), irrelative GST-fused shrimp protein (40 ng/μl), GST
(160 ng/μl) or PBS, respectively. The wells were washed three
times with PBS. Nonspecific sites were blocked with 10%
nonfat dry milk for 1 h at room temperature (RT). Synchro-
nously, PEG-precipitated phage stock was diluted with 16:30
dilutions in blocking buffer containing 0.01% sodium azide.
Then, 100 μl of diluted recombinant phage library (containing
6×1010 pfu) was added to each well and incubated for 2 h at
37 °C. Unbound phages were removed by washing the wells 20
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Tween 20). The bound phages were eluted and amplified with
competent TG1 cells, purified by PEG/NaCl precipitation and
subjected to another rounds of screening as above.
Six rounds of screening were taken to enrich the clones that
are highly specific. The finally enriched clones were plated and
single pure plaques were isolated. The cDNA inserts in these
plaques were sequenced by Shanghai Invitrogen Biotechology
Co., Ltd.
Coimmunoprecipitation assays
The binding activity of integrin to envelope protein VP187,
selected in biopanning phage library, was detected with co-
immunoprecipitation analysis.
First, coimmunoprecipitation assays of recombinant proteins
were carried out. HB2151 cells were infected with selected
clone C6–18 with cDNA fragment of VP187, blank phage c4-5
without inserted sequence respectively. The secreted soluble
recombinant proteins with an E-tag (GAPVPYPDPLEPR)
(Pharmacia, Sweden) were collected on the supernatants of
the culture medium but on a low level. After centrifugation
(1500×g, 20 min, RT), supernatants were filtered through a
0.45 μm filter, added with Phenylmethylsulfonyl fluoride
(PMSF) (final concentration of 1 mM) and then used for
immunoprecipitation detection. Every 4 ml supernatants were
supplemented with 6 μg of recombinant integrin or 10 μg GST
as a negative control and incubated with anti-E-tag IgG
(Pharmacia, Sweden) overnight at 4 °C. Subsequently, 30 μl
of Sepharose beads conjugated with protein A (Amersham,
Sweden) was added to the cell extracts and incubated for 1 h at
4 °C. The Sepharose beads were collected by centrifugation and
washed four times with 4.5 ml of high-salt NETN buffer
(20 mM Tris–HCl, 0.5% NP-40, 500 mM NaCl, 1 mM EDTA,
PMSF 25 μg/ml, pH7.6), once with NETN buffer. The bound
proteins were dissociated from the antibody by boiling in
loading buffer for 4 min and separated on 12% SDS-PAGE
gels. Then integrin was detected by standard western blotting
techniques.
Next, coimmunoprecipitation assays were performed with
endogenous VP187 and integrins of shrimp and crayfish. About
60 mg muscle of healthy shrimp M. japonicus or severely
infected crayfish P. clarkii were homogenized and lysed in 8 ml
NETN buffer containing 1 mM PMSF. Lysates were centri-
fuged at 30,000×g for 30 min at 4 °C, supernatants were
distributed to several tubes at 0.8 ml per tube. Thirty-microliter
WSSV envelope proteins were additionally supplied to each
tube of supernatants originally from healthy shrimp and
incubated 1 h at 4 °C. Ten-microliter GST-VP187 antiserum
or IgG against irrelative recombinant protein as a negative
control was added to each tube and incubated overnight at 4 °C.
Subsequent process was performed as following steps of
immunoprecipitation assay of recombinant proteins, except that
bound proteins were separated on 6% SDS-PAGE gels.
Similarly, immunoprecipitation of VP187 with anti-integrin
IgG was performed with GST antiserum and as a negative
control.Infection-blocking assays in vivo
Shrimps were infected by optimumWSSV injection dose (3–
5×105 virions per shrimp), in which dose most shrimps will be
infected and die in 3–8 days. The dose was determined by
injecting shrimps with serial dilutions of virions.
Prior to injection, WSSV virions were mixed with GST-
integrin, GST, RGD peptide, RDR peptide and integrin-
specific antibody, respectively( final concentration of 3.3×106
virions/ml, 90 μg GST-integrin/ml, 93 μg GST/ml, 75 μg
RGD/ml, 75 μg RDR/ml and the antibody was diluted 8:7 with
PBS) and incubated at room temperature for 1 h. Then, each
shrimp of five groups was injected intramuscularly with 100 μl
of the various mixtures. To eliminate the contrived perturba-
tion and secondary infection, mortality was monitored from
the third to the eighth day post injection. Ultimate survival
rates were calculated as: survival rate=survival shrimps on the
eighth day / shrimps on the third day×100%. The survival rates
of the tested and control groups were compared statistically by
Crosstabs procedure using the program SPSS for Windows
(SPSS, Inc., Chicago, IL). Individuals that died in these days
were examined by western blot with antibody against WSSV
envelope protein VP187.
Infection-blocking assays in vitro
Infection-blocking assays in vitro were carried out with
hemocytes from shrimp and crayfish. Hemocyte suspensions
were dropped into coated 24-Well cell culture plates (BIOFIL,
Canada) and incubated at room temperature for 30 min–1 h.
Simultaneously, WSSV virions labeled with FITC were mixed
with GST-integrin, GST, RGD peptide, RDR peptide, integrin-
specific antibody, respectively (final concentration 100 μg
virions/ml, 50 μg GST-integrin/ml, 100 μg GST/ml, 2 mg RGD/
ml, 2 mg RDR/ml and dilution of the antibody was 1:500), and
incubated for 1 h with gentle shaking. Unbound cells were
washed with PBS, buffers of the wells were removed. Two
hundred microliters of the above virions mixtures was added to
each well and incubated at room temperature for 30 min at with
gentle shaking. Propidium iodide (PI) was added to 50 μg/ml
with an additional 3–5 min incubation. Subsequently, the
mixtures were removed and unbound WSSV was washed off
with PBS. The treated cells were observed under microscope.
Gene silencing
dsRNAs were diluted with PBS (final concentration: 300 μg/
ml) and injected intramuscularly to the shrimps (100 μl/shrimp).
Western blot was performed at the 36, 56 and 72 h post injection
(h.p.i.) to estimate the silencing effect. It came out that the
specific dsRNA target integrin obviously reduced its expression
at 36 h after injection, while the random dsRNA appeared no
infection on that.
Four groups of shrimp (25 shrimps/group) M. japonicus
were utilized to investigate the impact of gene silencing of
integrin dsRNA on WSSV infection in vivo. Three groups were
injected with specific dsRNA, random dsRNA and PBS
130 D.-F. Li et al. / Virology 368 (2007) 122–132respectively. Thirty-six hours later, WSSV (1010 virions/ml)
was injected into the three groups of shrimps (100 μl/shrimp).
Nothing was injected to the fourth group as an absolute control.
Mortality was monitored every day since the second injection to
the sixth day.
For investigating the gene silencing of integrin dsRNA on
WSSV infection in vitro, hemocytes were prepared from the
shrimps pretreated with PBS, specific dsRNA and random
dsRNA, respectively, as above 36 h before. Live FITC-labeled
WSSV virions were added, with a final concentration of
100 μg/ml. After 1 h incubation at RT, propidium iodide was
added to 50 μg/ml with an additional 3–5 min incubation. Then
cells were deposited by centrifugation (500×g for 3 min), and
then gently suspended in PBS. Centrifugation and resuspension
were repeated for three times to eliminate the unbound virions
and dye. Subsequently, cells were dropped on slides and
observed under microscope.
Sequence analysis
Sequences were analyzed with BLASTp program in
GenBank and the software DNAMAN. The accession number
of the sequences of β-integrins utilized in alignment were as:
Crayfish Pacifastacus leniusculus, CAA67357; Insect Aedes
aegypti, EAT35362; Insect Anopheles gambiae, CAC00630;
Pacific oyster Crassostrea gigas, BAB62173; Coral Acropora
millepora, AAB66910; Sponge Geodia cydonium, CAA77071;
Mouse Mus musculus β3, AAB94086; Cattle Bos taurus β2,
NP_786975; Catfish Ictalurus punctatus β1, AAF35883; The
cDNA sequence of the shrimp integrin was deposited in the
GenBank database under the accession number DQ899949.
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